We theoretically investigate the mechanism of Si layer-by-layer oxidation by taking into account interfacial Si emission. Based on the free energy expression, which includes the oxidation-induced strain within the elastic continuum theory, we simulated the oxidation. Initially, oxidation occurs at the step edge of the interface. However, it stops because of the accumulated strain, and the oxidation at the terrace region begins. As a result, many small islands form at the interface. After their formation, the Si emission occurs to release the interfacial strain. Accordingly, oxidation at the step edges of the small islands becomes possible due to the strain release by Si emission. This process is qualitatively in good agreement with recent observations of Si layer-by-layer oxidation concurrent with the formation of many small oxide islands.
Introduction
Si oxidation is important in both semiconductor science and technology as a key process in the fabrication of metaloxide-semiconductor (MOS) transistors. The advanced largescale-integration (LSI) technologies require thin gate oxides. Recently, Si layer-by-layer oxidation has been reported by several groups, [1] [2] [3] and a first-principles calculation has reproduced the tendency of layer-by-layer oxidation. 4) In these studies, 2, 3) steps observed prior to oxidation did not move even after oxidation. This indicates that step-flow oxidation does not occur, but suggests two-dimensional island oxidation. In fact, Watanabe et al. observed that a large number of small islands (3-5 nm) formed at the Si/oxide interface at half monolayer (ML) oxidation and disappeared after full ML oxidation was completed. 5, 6) However, there remains a puzzling question. According to the conventional theory of epitaxial growth, the growth of many small islands occurs when the adatom diffusion length is very short. When the diffusion length is short, epilayer surfaces become very rough as the growth proceeds, and layerby-layer growth cannot be achieved. Layer-by-layer growth occurs only when the adatom diffusion length is long. In this situation, however, step-flow growth or two-dimensional growth of large islands should be observed. Therefore, layerby-layer oxidation with many small islands cannot be explained by the conventional growth theories.
In oxidation processes, the importance of Si (Si-species) emission has been emphasized. 4, [7] [8] [9] [10] [11] [12] [13] First-principles calculations show that Si species should be emitted from the interface to release the accumulated strain, 4) and the feasibility of the Si emission model has been affirmed by oxidation process simulations that take Si emission into account. [10] [11] [12] [13] This model naturally explains the initial enhanced oxidation, 10) oxidation temperature dependence, 11) oxygen pressure dependence, 12) and substrate orientation dependence. 13) In this paper, we propose a new model of oxidation in which strain release at the Si/oxide interface is the origin of Si layer-by-layer oxidation with many small islands.
Model
In the model, the Si, oxide, and strained oxide regions are cubes with side length l 0 . For simplicity, the Si/oxide interface is described by a one-dimensional interface model. The cubes can be effectively described by squares. Schematic views of our model are shown in Figs. 1(a)-1(d). As oxidation proceeds, Si squares (open) change into strained oxide squares (shaded). A large amount of compressive strain is applied to the newly oxidized region and the adjacent Si region, since the oxidation process is accompanied by volume expansion. In the calculations, we include the interfacial Si emission as a strain release process. We adopted the following hypotheses to simplify the simulations.
(1) Oxidation at the terrace [ Fig. 1(a) ]. We assume that lateral length of Si square l 0 is stretched to l 0 + l 0 in the free-standing condition in the absence of oxidation-induced strain. Since the volume expansion is restricted in the interfacial region, the lateral length of the Si square l 0 becomes l 0 + l. Accordingly, the strain 1
is generated in the newly oxidized squares. At the same time, the lateral length of the Si squares next to the newly oxidized region is compressed to l 0 − l/2. This corresponds to the generation of oxidation-induced strain l/2l 0 . The strain generation in the next nearest Si squares is neglected in this study. In addition, the oxidation causes the interfacial energy gain E b when the Si/oxide interface becomes an oxide region. (2) Oxidation next to the strained oxide region [ Fig. 1(b) ]. The newly generated strain accumulates in both the newly grown oxide and adjacent Si squares. The length of the strained oxide region L + L becomes L + L + l after the oxidation. At the same time, the length of the adja-
We assume that the strain in the connected strained oxide region has uniform distribution. This oxidation causes interfacial energy gain 2E b , corresponding to the geometry. (3) Oxidation next to the unstrained oxide region [ Fig. 1(c) ]. We assume that the strain is generated only in the newly generated oxide and the adjacent Si squares. This oxidation causes energy gain 2E b , corresponding to the geometry. (4) Si emission [ Fig. 1(d) ]. The interfacial Si emission is modeled according to the decrease in the oxide square length. The length of strained oxide region L + L becomes L + L − l Si after the Si emission. At the same time, the length of the adjacent Si region
This results in strain release in the oxide region. On the other hand, this Si emission causes energy loss E Si due to defect formation. In this study, we assume the interfacial Si emission is a strain release process. However, other processes that results in accumulated strain release produce identical results. (5) Choice of the oxidation site from the energetically degenerated squares [ Fig. 2 ].
In the simulation, it sometimes occurs that we have to determine the oxidation site from the energetically degenerated squares. For example, sites from No. 3 to No. 7 in Fig. 2 have the same energy. In the presence of degeneracy, we assume that the oxidation site minimizes the following quantity X,
where x 1 (x 2 ) is the distance between the oxidation site and the nearest strained oxide square on the right (left). This assumption implicitly includes long-range interactions to some extent. By including the above processes, the total energy of the system can be described as
where
, and E Si respectively denote the volume of each cube, the elastic constant of Si and oxide, accumulated strain in the i-th Si and the j-th oxide squares, the number of oxidized interfaces, the number of emitted Si species, the energy gain by the oxide region formation, and the energy loss caused by the defect formation due to the Si emission. The parameter values are summarized in Table I . For simplicity, the oxidation processes are simulated by selecting the energetically most favorable oxidation sites. In the simulations, we assume that vertical oxidation occurs only when the adjacent oxide squares at the vertical interface of Si/oxide are strain-free. This assumption is made because viscous flow (the essential factor in strain release) predominantly occurs in the vertical direction, and the accumulated strain in the oxide near the interface would prevent the viscous flow. This assumption is also verified by our recent first-principles calculations, which show that the preferential oxide growth direction at the Si/oxide interface is parallel to the interface. Figures 3(a)-3(i) show the calculated oxidation profiles. The initial profile has a step structure [ Fig. 3(a) ]. Initially, oxidation predominantly occurs from the step edges of the Si/oxide interface, and the step-flow oxidation proceeds until five Si squares are oxidized [ Figs. 3(b) and 3(c) ]. However, a sixth oxidation does not occur at the step edge due to the accumulated oxidation strain. Instead, terrace oxidation occurs, and small islands are formed [ Figs. 3(d) and 3(e) ]. Next, the number of small islands increases [ Fig. 3(f) ]. At this time, oxidation cannot proceed due to the accumulated strain. This is similar to the self-limiting oxidation observed in the oxidation of Si nanostructures. 14, 15) We call this process "microscopic self-limiting". The emission of Si species then begins [ Fig. 3(g) ]. To completely release the strain, about 2% of Si species have to be emitted. This value is comparable to the value (1%) used in our recent oxide growth simulations, [11] [12] [13] although this model is very simple. After a sufficient number of Si-species are emitted, oxidation from the step edge becomes possible once again [ Fig. 3(h) ]. Finally, one ML oxidation is completed [ Fig. 3(i) ]. As seen in Figs. 3(a) and 3(i), the step-edge position does not change after one ML oxidation. The obtained oxidation profiles have two major characteristics. One is the formation of small islands due to the microscopic self-limiting which occurs before one ML oxidation is completed. The other is the immobility of step edges. These characteristics are in fairly good agreement with the recent unexpected results of layer-by-layer oxidation experiments. 2, 5, 6) Next, we discuss the origin of layer-by-layer oxidation with the immobile step edges and small islands. The most crucial process is the microscopic self-limiting. This arises from the strain accumulation at the interface. Accumulated strain prevents the growth of small islands, and microscopic selflimiting occurs. Due to microscopic self-limiting, it is impossible for large islands to form at the Si/oxide interfaces. Since small islands are distributed all over the interfaces, the step edges do not advance even after one ML oxidation. Consequently, layer-by-layer oxidation with immobile step edges and small islands occurs.
4)

Results and Discussions
Another important physical background factor that should be considered is how the accumulated strain is released. To release the strain, Si species emission should occur. This emission involves two competing factors; the energy gain from the strain release due to the emission, and the energy loss from defect formation due to the Si emission. The energy gain due to the strain release increases when the the amount of accumulated strain is large. Thus, the Si-species emission tends to occur after the island size exceeds the critical value at which the strain energy gain surpasses the defectformation-related energy loss. This is similar to the dislocation formation during the heteroepitaxy of lattice mismatched systems, in which dislocations are formed after epilayer thickness exceeds the critical thickness. 16, 17) However, there is one main difference. Once strain is released due to dislocation formation, normal epitaxial growth is possible in latticemismatched systems. However, strain release is necessary during the oxidation of each layer. In this sense, oxidation can be considered a very special case of lattice-mismatched heteroepitaxy, in which the strain release during the oxidation processes reveals very interesting oxidation processes with small island formation.
Based on our simple model of oxidation, we can qualitatively explain the main characteristics of layer-by-layer oxidation. However, this one-dimensional model is too simple for us to obtain more detailed information such as twodimensional island distributions. Further studies are necessary to clarify the more detailed features of oxidation.
Conclusions
We theoretically investigated the mechanism of Si layerby-layer oxidation by taking into account the interfacial Si emission. Based on a simple model of oxidation, we can qualitatively explain the main characteristics of layer-by-layer oxidation. During oxidation, small islands are formed due to "microscopic self-limiting" by the strain accumulation. The oxidation of these small island edges occurs after the strain release by interfacial Si emission. 
